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ABSTRACT

Health and Usage Monitoring System research and development involves analysis of the vibration signals
produced by a gearbox throughout its fife. There are two major advantages of knowing the actual lifetime of a
gearbox component: safety andcost. Three spur gears were machined with a notch to provide a seeded fault.

These gears were then run until tooth failure while recording the vibration signals. Standard vibration diagnostic
parameters are calculated and are presented. The results of this study indicate that the detection methods
examined are not robust or repeatable. Current techniques show that the cracks progressed at a much faster rate
than anticipated which reduced available time for detection.

INTRODUCTION

There is considerable work being performed in

Health and Usage Monitoring Systems (HUMS) to

reduce maintenance of mechanical components such
as gearboxes and to increase vehicle safety. Health
and Usage Monitoring can be classified into two

major areas: diagnostics and prognostics. Diagnostics
deals with the consistent and accurate detection of

damage, while prognostics includes both damage
estimation and the estimating the remaining useful
fife.

Diagnostics can be based on various types of data,
including vibration, acoustic emission, and oil debris

analysis. A large portion of the vibration diagnostics

work is currently based on techniques such as fuzzy
logic, neural networks, and data fusion, to name a

few. Diagnostics techniques can be classified into
feature extraction and detection. Feature extraction is
the separation of the desired features of interest from

extraneous information. The process of interpreting
the remaining data is known as feature detection.

An accurate health and usage management system
(HUMS) would warn of impending failure as well as

provide maintenance information to appropriate

support personnel. Typically, components are
removed based on a conservative statistical life

usually measured in hours of operation. There is no

distinction of whether those hours are at ground idle

or at full power. If, by monitoring the loading
characteristics, an individual rotorcraft is known to

be tightly loaded, it should be possible to extend the
overhaul life of the transmission. This would allow

more of the available life of the components to be
safely used. This would require significant

cooperation between the HUMS developer, the
airframe manufacturer and the aircraft certification

authority (i.e., U.S. Federal Aviation Agency, United
Kingdom Civilian Aviation Agency, etc.). If the

loading history indicates frequent heavy loading, a
HUMS system would reduce the probability of an
accident. Notice of an impeding failure would allow
the repair of the drive system before an accident. In

addition, the HUMS unit could be programmed to

warn the maintenance team, several hours in advance,
that specific maintenance will be required. This

would allow for better scheduling of resources,
thereby saving money. [ 1]

A major concern of current HUMS systems is their
reliability. A recent report proposes that the current

fault detection rate of a vibration-based system is

60 percent. A false alarm is typically generated every
hundred hours. [2,3]

Since 1988, the NASA Glenn Research Center has

been working on improving gear damage detection
using vibration monitoring. Most of the effort has
focused on pitting and other surface distress failures.
Later, the testing expanded into both oil debris
monitoring-based HUMS as well as vibration based

crack detection and propagation. Gear cracks,
although potentially more catastrophic, are much less

common, thus more difficult to study.

The study of vibration diagnostics was initiated in the
late 1970s. There was research performed in both the
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UnitedStatesandin the UnitedKingdom.The
approachesusedwerefundamentallydifferent.
TheUnitedStatesDepartmentof Defensesponsored
researchin thespecificareaofhelicoptergearboxes.
Thesetechniqueswere,for themostpart,basedon
thepreciseanalogfilteringofthetimedomainsignal.
Theanalogsystemshadto be tunedto particular
frequenciesandcouldnotbeadjustedforvariationin
speedor torque.Thisrequiredgearboxesthatwere
relativelysimple,containingonegearmeshwithonly
aslightspeedreduction.Mostoftentheseweretail
rotordriveshaftgearboxes.
Toallowasystemtobemoreresponsivetovariations
in speedandtorque,theresearchersin theUnited
Kingdomfocusedondigitalbasedanalysis.At this
time,thepersonal(ormini)computerwasbeginning
to emerge.This,combinedwith theavailabilityof
PC-basedanalogtodigitalconverterboards,allowed
theanalysisto shiftintothedigitaldomain.Oneof
theearliestsuccessfulattemptsat spectralanalysis
wasperformedin theUnitedKingdom.Forthemost
part,currentresearchis theevolutionoftheconcepts
pioneeredin theU.K. [3] Thefrequencydomain
signalprocessingtechniquesaredescribedindetailin
thenextsection.
Manydifferenttechniqueshavebeenproposedto
detectdamagein mechanicalpowertransmissions.
Thesemethodsincludevibration,oildebrisdetection,
chemicalelementdetection,andacousticemission.
The focusof this paperis the analysisof the
vibration.Therearetwomajorrequirementsof any
HUMSunit.First,it mustidentifythatthereis, in
fact,afaultin thesubsystem.Forthemostpart,it is
notcriticaltodeterminethetypeof faultandwhich
componentis faulty (althoughfor maintenance
purposes,this is highly desirable).Secondly,
detectionaccuracyis critical.TheHUMSwarning
will be ignoredif too manyfalsealarmsare
generated.
Thegeneralprocedurefor healthmonitoringusing
vibrationsignalsin asteadystatesystemisrelatively
simple.Therearefive distinctelements-1) signal
acquisition,2) synchronousaveraging,3) feature
detectionandextraction,4) interpretationof results,
and5)prognosis.Thefirsttwo,signalacquisitionand
synchronousaveragingarerelativelystraightforward.
Thegreatestamountofworktothispointhasbeenin
theareasof featureextractionanddetectionaswell
asinterpretationof theresults.Prognosisdealswith
thepredictionof howmuchusefullife remainsin a
damagedcomponent.An accurateprognosiswould
preventstrandingcrew and passengersin a
potentiallyhazardouslocation.

THEORY OF GEAR FAILURE

DETECTION METHODS

The traditional methods of gear failure detection
methods are typically based on some statistical

measurement of vibration energy. The primary
differences are based on which of the characteristic
frequencies are included, excluded, or used as a
reference. [4]

Root Mean Square

The root mean square (RMS) is a simple measure of
the effect of a fluctuating signal (Eq. (1)). It was

originally developed to characterize the heating of a
resistor subjected to a sine wave alternating current.

RMS is defined to be the square root of the average
of the sum of the squares of an infinite number of

samples of the signal. It is also sometimes referred to

as the standard deviation of the signal average. For a
simple sine wave, the RMS value will be defined to

be approximately 0.707 times the amplitude of the
signal.

RMS= . (Si) 2

(1)

Crest Factor

The Crest Factor (CF), shown in Eq. (2), is calculated

by dividing the maximum positive peak value by the
RMS value of the signal. [5] This makes the

parameter a normalized measurement of the

amplitude of the signal. A signal that has a few, high
amplitude peaks would produce a greater Crest

Factor as the numerator would increase (high
amplitude peaks), as the denominator decreases (few
peaks means lower RMS).

CF- S0-pk
RMS (2)

Energy Operator

The Energy Operator [6], is a parameter that is a

simple calculation. The input signal for each point in
time is squared and the product of the point before

and after is subtracted. In the case of the endpoints,
the data is looped around. Specifically, the when

calculating the first point, use the last point and vice

versa. The normalized kurtosis of the resultant signal
is then taken and reported as the energy operator.

Kurtosis

The kurtosis (Eq. (3)) is simply the normalized fourth
moment of the signal. [7] The moment is normalized

to the square of the variance of the signal. The
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kurtosisis a statisticalmeasureof thenumberand
amplitudeof peaksina signal.Thatis,asignalthat
hasmoreandsharperpeakswill havealargervalue.
A Gaussiandistributionhasakurtosisvalueof very
nearlythree.It turnsout thata gearboxin good
conditionshouldemulateaGaussiandistribution,and
thereforehaveavaluenearthree.It shouldbenoted
thatinvestigatorssubtractthreefromthiscalculated
value.Thisproducesavalueofzeroforagearboxin
goodcondition.

Kurtosis =

N

N_(S-g) 4
i=l

(3)

where

S signal

S mean value of signal
I data point number in time record
N number of data points

M6

The M6 parameter [8], shown in Eq. (4), is a
continuation of the kurtosis. In this particular case, it
is the sixth moment that is used. It is normalized in a

similar manner as the kurtosis, except that the

variance now has to be raised to the third power. In
general, the characteristics of the spread of the
distribution show up to be even (as opposed to odd)
functions of the statistical moment. The odd

functions relate the position of the peak density
distribution with respect to the mean.

M6=

N2_(d-d) 6

i=l

(d - d)2] 3

(4)

where

d

i
N

difference signal

mean value of difference signal
data point number in time record

number of data points

Energy Ratio

Heavy uniform wear can be detected by the energy
ratio. [5] The difference signal (d) is the resultant

signal after the regular meshing components (r)
(mesh and harmonic frequencies) are removed. It
compares the energy contained in the difference

signal to the energy contained in the regular
components signal. The theory is that as wear

progresses, the energy is moved from the regular
signal to the difference signal. (Eq. (5))

ER - RMSd
RMS r (5)

FM0

The Zero-Order figure of merit, FM0, shown in

Eq. (6), detects significant changes in the time

synchronous average. It was first proposed by

Stewart [3]. It is a technique that is gives no
information about where in the spectrum the damage
is located. It compares the peak to peak value of the
signal to the sum of the RMS values of the mesh
frequency and its harmonics.

where

Spk-pk

fi
N

FM0=
Spk-pk

N

ZRMS¢fi)
i=l

peak to peak value of signal
mesh frequency and harmonics
number of harmonics + 1

(6)

FM4

The FM4 vibration diagnostic parameter (Eq. (7)) is

one of the most popular parameters used. [3] This

parameter detects Changes in the vibration resulting
from damage limited to several teeth. A difference

signal is created for a data record by removing the
shaft and meshing frequencies, their harmonics, and

the first order sidebands in the frequency domain.
The kurtosis (fourth statistical moment) is calculated

by dividing the kurtosis by the square of the variance
of the difference signal. The FM4 parameter is non-

dimensional and is calculated by dividing the kurtosis

by the square of the variance of the difference signal
of a gearbox in good condition and is also

approximately three. As localized damage begins in a
gearbox, the FM4 value increases.

where
d

N
i

FM4=

N

N_(d i __)4 •

i=l

difference signal

mean value of difference signal
total number of points in time record
data point number in time record

(7)
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NA4

The NA4 parameter (Eq. (8)) was developed to
overcome a shortcoming of the FM4 parameter. [4]
As the occurrences of damage progresses in both
number and severity, FM4 becomes less sensitive to

the new damage. Two changes were made to the

FM4 parameter to develop the NA4 parameter as one

that is more sensitive to progressing damage. One
change is that FM4 is calculated from the difference
signal while NA4 is calculated from the residual

signal. The residual signal includes the first order
sidebands that were removed from the difference

signal. The second change is that trending was
incorporated into the NA4 parameter. While FM4 is
calculated as the ratio of the kurtosis of the data

record divided by the square of the variance of the
same data record, NA4 is calculated as the ratio of

the kurtosis of the data record divided by the square
of the average variance. The average variance is the
mean value of the variance of all previous data

records in the run ensemble. These two changes make
the NA4 parameter a more sensitive and robust

parameter. The NA4 parameter is calculated by

NA4 = N'_z_, (r i -r) 4

1 j_ _7j)2_M£ i(rij
(8)

where

r residual signal

mean value of residual signal
N total number of points in time record
M current time record in run ensemble

i data point number in time record
j time record number in run ensemble

NB4

The NB4 parameter is the time-averaged kurtosis of
the envelope of the signal that is ban@ass filtered
about the mesh frequency. [9] An estimate of the

amplitude modulation caused by the sidebands of the

meshing frequency, is calculated using the Hilbert

Transform. The Hilbert transform creates a complex
time signal in which the real part is the bandpassed
signal and the imaginary part is the Hilbert transform
of the signal.

NA4*

As damage progresses from localized to distributed,

the variance of the kurtosis increases dramatically.
Since the kurtosis is normalized by the variance, this

results in the kurtosis decreasing to normal values

even with damage present. To counter this effect,
NA4* was developed. [10] While the kurtosis for a

data record is normalized by the squared average
variance for the run ensemble for NA4, with NA4*

the kurtosis for a data record is normalized by the
squared variance for a gearbox in good condition.
This is a change in the trending of the data and was
proposed to make a parameter that is more robust as
damage progresses.

In order to estimate the variance for a gearbox in
good condition, a minimum number of data records

of a run ensemble is chosen to ensure a statistically
significant sample size. The variance of the residual

signal for all data records is calculated, as well as the
mean and standard deviation. The mean is used as the

current estimate of the variance for a gearbox in good
condition. When the next data record is available, a
judgment is made as to whether to include that data

record as representative of a good gearbox. A
gearbox with damaged gears will have a larger
variance that one in good condition. The decision is

based on an upper limit L(Eq. (9)), which in turn is

dependent on the choice of a probability coefficient
Z, and is calculated by

(9)

where

X mean value of previous variances
Z value fora normal distribution

cr standard deviation of previous variances

n number of samples (n > 30)

The value for the Z parameter can be found in
introductory statistics books. If the current variance

exceeds this limit, then it is judged that the gearbox is

no longer in "good" condition and the previous
estimate of the variance is used for the remainder of

the run ensemble. If the variance for the new data
record does not exceed this limit, then the new data

record is included into the data representing the
gearbox in good condition.

The decision of what probability coefficient is chosen
is based on many factors. The most difficult trade-off

is that of Type I or Type II errors. A Type I errors is
an undetected defect. A Type II error, on the other

hand, reports damage when none is present. The
choice of the probability coefficient is a compromise
between having too many Type II errors and not
detecting damage.

NB4*

The diagnostic parameter NB4* parameter is the
addition of the run ensemble averaging and the

statistical limitation of the growth of the square of the
variance first introduced in the development of
NA4*. The calculation of the numerator of this
parameter remains the same as in NB4. The

denominator does have the averaging effect of NA4*,

NASA/TM--2002-211492 4



anddeterminesif thecurrentvarianceisof sufficient
probabilitytobecontainedintheprevioussamples.
FM4*
ThediagnosticparameterFM4*parameteris, like
NB4*,theadditionof therunensembleaveraging
andthestatisticallimitationof thegrowthof the
squareof the variance.The calculationof the
numeratorof thisparameterremainsthesameasin
FM4.Thedenominatorhastheaveragingeffectof
NA4*,andalsodeterminesif thecurrentvarianceis
of sufficientprobabilityto be containedin the
previoussamples.

EXPERIMENTAL CONFIGURATION

Facility Description

A spur gear fatigue test stand at the NASA Glenn
Research Center in Cleveland, Ohio was used to

perform the testing. This facility, shown in Figure 1,
allows the study of effects of gear tooth design, gear
materials and lubrication on the fatigue lives of

aerospace quality gears. The test stand operates using
the closed loop torque regeneration principle. The

test gears are connected by shafts to a pair of helical

gears that complete the loop. The torque is applied
through a hydraulic loading mechanism that twists

one slave gear relative to the shaft that supports it.
Therefore the torque is usually reported as a function

of the hydraulic pressure. The drive motor only has to
supply enough power to overcome the losses in the

system. The test gears are lubricated with an

independent oil system. The speed, torque, and input
oil test temperatures can all be controlled.

During health monitoring tests, an infrared optical
sensor monitors the input shaft using a timing mark.
Typically, there are two accelerometers used for

HUMS research, one mounted on the outside of the

test housing, with the other mounted in the test

section directly on the bearing cover plate.

Test gear description

The spur gear test rig uses a pair of spur gears having
28 teeth, a pitch diameter of 88.9 mm (3.50 inch),

and a face width of 6.35 mm (0.25 inch). During a
surface fatigue test, the gear faces are usually offset

by 2.79 mm (0.11 inch) to allow a higher surface
stress without a corresponding increase in the

bending stress. For these tests however, the gears
were in contact across the full face width. The tests

were also run at a higher torque than normal. A
photograph of a crack test gear is shown in Figure 2.

Figure 1. Spur Gear Test Apparatus

Figure 2. Representative gear for crack tests

Notch geometry

A notch was machined in the root area of the gear to
provide a concentrated flaw from which a crack

could initiate. This location was chosen since this is

the point of highest tensile bending stress on the gear
tooth surface. The higher stress provides the best
opportunity for crack propagation.

NASA/TM----2002-211492 5



Thenotchtraversedtheentirefacewidthof the gear

and was created using electrical discharge machining
(EDM) process. (Figure 3) This process was chosen
for its ability to control the size of the notch. The size

of the notch is controlled by both the shape and

electrical current of the electrode and is typically
0.254 nun (0.010 inch) deep.

Accelerometers

Two research accelerometers were mounted on the test

gearbox. The first one, (and only one for the first test)

was located on the housing of the gearbox. The
location was chosen based upon previous modal
analysis testing on an identical gearbox. [11] In this
paper, this accelerometer is noted as the "case"

accelerometer. It is piezoelectric with a frequency
response from 20 Hz to 50 kHz. The second

accelerometer is also piezoelectric, but smaller and has
a frequency range from 1 Hz to 10 kHz. This is

mounted 30 degrees clockwise from the vertical

centerline for the fight (driven) shaft on the bearing
retention cap inside the gearbox. The location is in the

load zone of the bearing and provides the most direct
transfer path for the vibration to travel. This
accelerometer is referred to as the "shaft"

accelerometer. The configuration is shown in Figure 4.

Tachometer

The once per revolution tachometer signal is
generated using an infrared optical sensor that is
located on the input shaft to the test gearbox. The

sensor detects a change in the reflectivity of an

infrared light. The connecting shaft has a piece of
highly reflective silver colored tape cemented to the
black oxide coated shaft. This provides a reliable

signal that has good dynamic performance.

almost 237 hours. The original notch is readily

visible in the fillet on the left side of the gear tooth.
The crack initiated at the edge of the notch and
progressed to the fillet on the right. Thirteen of the
most often used diagnostic parameters are shown in
using the data from the "case" accelerometer. None

of these parameters detected the tooth fracture.

..... :.: ._...._.:_ ....... _, .. _1,
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• _.+.:i:,.._...,..!i_ii_@_i_ii_iii_i

:.-':'.:::.... ._:x,. :"

_ _:_ _ .... _ .........__!!i!ii_iil I

Figure 3. Notch in gear tooth

RESULTS

These tests were run at an overloaded condition to

accelerate testing. It will be shown that it is difficult

to determine crack initiation on these gears. It would
be beneficial to run the tests at overloaded conditions
to initiate a crack, and then reduce the load to observe

stable crack growth. This would allow a more

accurate study of the vibration signature during the
critical crack growth period.

During the first test , only one accelerometer was
used. This was the case mounted accelerometer. The
"shaft" accelerometer was installed between the first

and second tests, and was available for the remainder
of the tests.

Test 1

This test, run at 124.7-154.6 Nm (92-114 ft-lb) and

2500 rpm produced a tooth fracture (Figure 5) after

Figure 4. Gearbox accelerometer mounting locations

!:_!;!!!:i:i .8!::::: _8_.":_"::'_i:

@ili!" "'iii iii__.
• "

Figure 5. Gear tooth fracture after test 1

NASA/TM---2002-211492 6



Figure6alsoshowstheresultsof when the facility
accelerometer lost power and shut the facility down

(approximately 70 hours), and an unexplained set of
conditions at about 170 hours. Experience has shown
that several of the diagnostic parameters take a

significant amount of time to settle back into steady

state like conditions after an interruption, if at all. It
is important to note the amplitude of these

disturbances for comparison later on. It is proposed
that during a shutdown, the temperature decrease

changes the system dynamics by altering the
clearances and contact stresses from the previous
conditions. In this figure there is no obvious

indication of crack initiation, progression or
separation of the gear tooth.
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Figure 6. Test 1, case accelerometer parameters

Test 2

Test 2 was conducted at 5000 rpm and 154.6 Nm
(114 ft-lbs) torque. This test ended at 1.7 hours with a

fracture through the rim (Figure 7), which may have
been caused by running near a gear resonance. At
1.4 hours, high vibration levels caused a test
shutdown. The gear was examined and a mark taken

to be dirt or fuzz was noticed. This may have actually
been the crack that eventually propagated through the
rim. The notch can be seen in the upper left comer of
Figure 7.

Figures 8 and 9 present the results of applying these
parameters to the vibration recorded by the two
accelerometers. In this test, almost all of the

techniques examined indicate something at
1.25 hours. The variations due to the shutdown and

subsequent startup are readily visible.

The ideal parameter would show a step change at

initiation of damage, a linear increase during damage
progression with another step increase to a high level
to indicate the loss of the tooth for the remainder of

the run. The M6 parameter demonstrates one of the

deficiencies of several of the parameters. Some of the

parameters after increasing to indicate damage,
reduce in value as the damage becomes more

distributed. If the peak is not detected, there is a very
real possibility of encountering a Type I error. The
results of the NB4* parameter, at least in this test,
demonstrates the desired characteristics of a robust
parameter.

Figure 7. Gear rim fracture after test 2
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Figure 9. Test 2, shaft accelerometer parameters

Test 3

This test also produced a fractured tooth (Figure 10). As seen in Figure 11 and Figure 12, the widely used
This fracture was not complete and progressed about parameters do not readily indicate any crack initiation
two-thirds of the width of the tooth. The facility or propagation. The last 3 points of FM0 in Figure 11
monitoring accelerometer detected a high vibration and NA4 and FM0 in Figure 12, with their abrupt
level due to the crack and shut down the system increase in value, may hint at the damage. In this
before the loss of the tooth. The shutdown occurred case, the shaft mounted accelerometer, with its
after almost 420 hours of 4925 rpm at torques of shorter and more direct transfer path indicates the
124.7, 139.4, and 154.6 Nm (92, 106, and 114 ft-lbs) damage better
of torque. The gear was then later run at various
torques until complete fracture occurred.
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Figure 10. Gear tooth fracture after test 3
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CONCLUSIONS

The tests conducted in this study reflect other
previous experiments that show that no individual

technique routinely outperforms the others for gear
crack detection. Several methods for feature

extraction and detection appear to be required. At
times, some failures are not detected. This leads to

several important conclusions that can be obtained
from this testing:

1. For the commonly used vibration diagnostic

parameters examined here, there is no single
parameter that will reliably and accurately detect gear

fractures until there is significant, possibly secondary
damage (complete loss of tooth).

2. The techniques presented in this paper, while
improving on existing techniques, still do not have

sufficient robustness and accuracy. They may,
however, provide the feature extraction necessary for
future detection algorithms.

3. Current techniques sometimes respond better to

speed, torque, and other changes in the dynamic
system than the changes in the condition of the gears.
Temperature fluctuations (and the resultant changes
in the dynamics of the system) that occur when the

gearbox is shut down may cause false indications of

damage that mask the effects of the gear damage.

4. Using current techniques, it is almost impossible to
be able to reliably detect a tooth fracture in sufficient

time to be able to monitor its growth.
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